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Cotton is a valuable fiber crop around the world used to create fabrics, oils, and currency.
The threat of herbicide resistant (HR) weed populations is precarious for cotton production. The
overreaching objective of this study was to phenotype potentially allelopathic chromosome
substitution (CS) lines to determine competitive accessions. The identification of competitive
cotton lines would be useful in the development of alternative weed control tools. Twelve CS
lines (CS-49, CS-38, CS-34, CS-39, CS-27, CS-13, CS-50, CS-26, CS-25, CS-43, CS-46, and
CS-23) along with the parent line (TM1) and two conventional varieties (UA48 and Enlist) were
screened in a greenhouse using the stairstep structure. Eight CS lines were then selected to test in
the field and analyzed in the lab to identify allelochemical exudates using HPLC. Results of this
study provide a greater insight into the nature of allelopathy and its potential usefulness in cotton
crops.
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LITERATURE REVIEW
Background
The most profuse natural fiber in the world is cotton (Gossypium ssp.), accounting for
approximately $500 billion in annual global revenue (Chen et al. 2020). Cotton is used to
produce many commodities, including linens, paper money, oils, and more. With the advent of
herbicide-resistant cotton varieties and complementary chemical control tools, the agricultural
community has observed the accelerated evolution of herbicide-resistant weed populations
(Webster & Nichols 2012; VanGessel 2001). This evolution has emphasized the need to develop
alternative weed control techniques and tools; without such tools, cotton yields are projected to
decrease in lieu of herbicide-resistant weed populations such as Palmer amaranth (Amaranthus
palmeri).
Purpose of the study and the hypothesis
The purpose of this study was to begin the process of identifying new genetic material in
the chromosome substitution (CS) cotton germplasm with the potential to repress problematic
weeds in agricultural production. By screening CS cotton lines for competitive phenotypes in the
greenhouse and further confirming identified characteristics in a field study, it would be possible
to begin the process of identifying the chromosome or chromosome arm responsible for the
observed suppressive traits derived from CS lines that are near-isogenic to the TM-1 parent line.
Additionally, potential allelochemicals could be isolated and identified.
1

Objectives
No studies have been carried out to investigate the allelopathic ability of cotton. Previous
studies, however, have observed weed suppressive abilities and the presence of known
allelopathic compounds. Observing weed suppressive phenomenon is difficult in field settings
due to the multifaceted nature of the rhizosphere and its inhabitants. Therefore, the identification
of allelopathic characteristics must take place in such a way that environmental parameters can
be controlled and manipulated. Identified lines can then be cultivated in a field setting to confirm
weed suppressive traits and assess yield capacity. Following are the objectives of this study:
1. Screen lines for weed suppressive ability in a greenhouse setting.
2. Confirm selected lines in a field setting for agronomic characterization.
3. Identify allelochemicals associated with the competitive CS lines.
The entirety of the study took place from June 2019 through June 2021. The greenhouse
screening (objective 1) was carried out at the RR Foil Plant Science Research Center, Mississippi
State University (88.7847, 33.4552). The field study (objective 2) was performed at the MAFES
Pontotoc Ridge-Flatwoods Branch Experiment Station, Pontotoc, MS (34.143500, -88.997000).
The lab study (objective 3) was completed in Dorman Hall Laboratory 306, 32 Creelman St.
Mississippi State, MS 39762 (-88.7944, 33.4539).
What is cotton?
Nestled in the Malvacea family and the Gossypium genus, from the Arabic term ‘goz’
meaning ‘a delicate material’, cotton plants are tropical shrubs with alternate leaves and rigid,
branching stems. Species within this clade are characterized by showy yellow, cream, and
pinkish flowers; additionally, the fruit of a cotton plant is referred to as a boll and is composed of
1

wispy fibers and seeds encapsulated by a leathery exocarp (Ali et al. 2020; Khan et al. 2020).
The Gossypium genus is estimated to have diverged from its closest relative, Theobrama cacoa,
approximately 58 million years ago. The cotton genome is composed of two sets of
chromosomes and can be referred to as a polyploid. One set of chromosomes is derived from the
African species, represented as A-genome; the second set is derived from the American species,
represented as the D-genome. The polyploidization event between the African and the American
species resulted in an allotetraploid (AADD) group, composed of five tetraploid species:
Gossypium hirsutum, Gossypium barbadense, Gossypium tomentosum, Gossypium mustelinum,
and Gossypium darwinii. These five species are hypothesized to be monophyletic. This event is
estimated to have occurred approximately 1.5 million years ago. In the last 8,000 years, G.
hirsutum and G. barbadense were domesticated independently from each other, with one in
South American and the other in the Yucatan Peninsula, respectively (Chen, Sreedasyam &
Ando 2020). While very large, the cotton genome (2n=52) is highly duplicated, with little
genetic diversity possibly due to the polyploidization event (Saha et al. 2006; Chen et al. 2007;
Nguyen et al. 2004).
Cotton fibers are used to produce various consumer goods, including oils, paper products,
animal feed, and textiles (Ali et al. 2020). The plant is also a known source of valuable chemical
compounds, including fatty acids, lipids, carbohydrates, and phenolics. Over 100 countries
worldwide produce cotton, with India, China, the United States, Pakistan, Brazil, Australia,
Uzbekistan, Turkey, Turkmenistan, and Burkina Faso making up the top ten producers. While
India is the top producing country globally, its yield per acre is very low. The United States is the
leading contender in cotton exports, with Mississippi, Louisiana, and Arkansas accounting for
most of the the country’s profit (Khan et al. 2020). The cotton industry is estimated to have a
2

global economic impact of $500-600 billion dollars, lending it the nickname ‘white gold’ in
some regions (Chen, Sreedasyam, & Ando 2020; Khan et al. 2020). Gossypium hirsutum, or
Upland cotton, produces highly valued fibers and is tolerant of a wide variety of environments.
For these reasons, G. hirsutum makes up nearly 90-95%% of annual global production (Ali et al.
2020; Chen et al. 2007; Jabran 2016). Production, however, is limited due to climate change and
evolving pests. The G. hirsutum genome will need to be diversified for improvement in a
changing world.
Cotton production
Cotton is slow growing in its most vulnerable, juvenile stage. The critical weed-free
period in cotton ranges from 30-90 days, with the maximum period accounting for half of the
total growing period. Weed competition can impact cotton by increasing production costs,
reducing fiber quality, reducing total yield, decreasing irrigation efficiency, and providing a
home for pests such as rodents, bugs, and insects (Nalini et al. 2015). Genetic engineering of the
cotton genome, such as the development of Bacillus thuringiensis (Bt) cotton, has resulted in
increased yield (Khan et al. 2020).
In 1997, the first glyphosate-resistant cotton cultivar was released, and by 2000 nearly
37% of farmers in Arkansas were employing this technology. By 2006, cultivars were released
with enhanced glyphosate resistance, allowing for glyphosate applications for a more extended
period in the cotton’s growing season. Additional technological advancements have allowed
glufosinate-resistant cotton to tolerate applications until the flowering stage (Norsworthy et al.
2007).
This technology has altered the weed spectrum observed in cotton as weeds not
sufficiently controlled with glufosinate and glyphosate have become increasingly problematic
3

(Charles, Taylor & Roberts 2004; Norsworthy et al. 2007). In addition to these weed species,
weed populations previously controlled through glufosinate and glyphosate applications have
developed resistance (Norsworthy et al. 2007). Surveys conducted by Webster & MacDonald
(2001) found that while in 1983, Johnsongrass (Sorghum halepense) was reported to be the most
troublesome weed species for cotton production. In 2001, sicklepod (Senna obtusifolia) was
reported to be the most troublesome weed in Georgia, followed by nutsedge (Cyperus sp.)
species and finally pigweed (Amaranthus sp.). Additionally, pigweed species weed was reported
on all surveyed farms for crops including tobacco, peanut, soybean, and cotton (Webster &
MacDonald 2001). In 2003, HR horseweed was identified in Arkansas and quickly spread to the
Mississippi Delta (Norsworthy et al. 2007). Further investigations by Norsworthy et al. (2007)
indicated that nearly all cotton hectares planted in Arkansas in 2006 were herbicide-resistant
cultivars, with most being glyphosate-resistant. This trend illustrates the overreliance on a single
herbicide mode of action that commonly selects herbicide-resistant weed populations.
Furthermore, horseweed (Conyza canadensis), Palmer amaranth (Amaranthus palmeri), and
morningglories (Ipomoea sp.) were ranked as the most problematic weed species and important
weed species in cotton.
In 2015 the Weed Science Society of America (WSSA) surveyed stakeholders and
determined Palmer amaranth (Amaranthus palmeri) as the most problematic species in cotton
fields across the nation. Additional studies indicated that 31% of Palmer amaranth populations in
Texas are glyphosate-resistant (Werner et al. 2020). As the genetically modified cotton varieties
are becoming more pervasive in modern agriculture, increased reliance on insecticides and
herbicides with little variation has affected the species composition of weeds found in the field.
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This threat emphasizes the need to develop alternative weed control management techniques and
tools (Charles, Taylor & Roberts 2004).
Allelopathy
The word allelopathy was first used in 1937 by Molische and is used to describe the
phenomenon in which one plant impacts the growth and reproduction of a neighboring plant,
whether that be a positive or negative interaction (Rice 1984). These chemicals are secondary
metabolites released by plants through volatile exudation, leaf leachate, or root secretion (Uesugi
2019) and include alkaloids, terpenoids, flavonoids, jasmonates, glucosinolates, amino acids,
phenolics, momilactone, carbohydrates, salicylates, and hydroxamic acid (Sathishkumar et al.
2020)
Plants release allelopathic chemicals in response to their environment, both biotic and
abiotic. The production of allelochemicals is costly in terms of energetic resources. Resources
allocated to these defense chemicals are allocated away from growth and reproduction
(Koricheva, Nykänen, & Gianol 2004). As resources become scarcer, the benefit of producing
allelopathic chemicals that inhibit competition is understood to be increasingly advantageous.
The exudates help to reduce competition by making it directly or indirectly harder for other
plants to grow in the area and compete (Uesugi, Johnson, & Kessler 2019). Furthermore, the
effects of allelochemicals are likely heavily influenced by the level of competition the
allelopathic plant is dealing with and the number of times competing plants had been exposed to
a specific allelochemical. A plant faced with very little competition is less likely to produce
costly allelochemicals than a plant in intense competition with neighbors.
Additionally, it is expected for receiving plants to build up a tolerance to chemicals over
repeated exposures. For these reasons, it is prospective to assume that allelochemical production
5

is inductive and not constitutive (Uesugi, Johnson & Kessler 2019). The environmental effect of
the allelochemical output and efficacy was demonstrated in 2008 by Song et al., who uncovered
that nitrogen deprivation resulted in the upregulation of gene products linked to the production of
allelochemicals. Additional studies by Kato-Noguchi (2011) confirmed the induction of
allelochemicals in rice when exposed to competitor plants’ root exudates.
Overreliance on herbicides for weed control has resulted in weed population shifts and
the evolution of herbicide-resistant weed populations, which can reduce fertilizer availability by
30-50%. This phenomenon has applied pressure on developing alternative weed control
techniques that are sustainable and economically viable. Allelopathic crop varieties have great
potential as allelochemicals can act as natural herbicides at high concentrations. This interaction
has been well document in the production of gallic acid, protocateuic acid, vanillic acid,
sorgoleone, and more by sorghum, an allelopathic crop (Shathishkumar et al. 2020). In contrast,
no research has been conducted on the allelopathic potential of cotton. In 1996, however,
Hoffman et al. observed height reduction in weed species growing near cotton plants. Additional
research conducted by Gui-Ying, Jian-Guo, and Yan-Bin (2015) observed four phenolic acid
compounds (p-hydroxybenzoic acid, ferulic acid, gallic acid, and vanillin) in cotton root extracts.
Chromosome substitution
The Gossypium hirsutum genome is large (2n=52) but also homogenous (Saha et al.
2006; Chen et al. 2007). The domestication and consistent inbreeding of G. hirsutum cultivars
has resulted in very little genetic diversity within the genome. The lack of genetic diversity has
afforded weed scientists, geneticists, and farmers little material to work within the face of
agricultural problems such as herbicide-resistant weed populations. In 2006, chromosome
substitution (CS) cotton lines were developed by Saha et al. through interspecific introgression.
6

The chromosome pieces from alternative tetraploid cotton species (G. tomentosum, G.
barbadense, G. mustellinum) were incorporated into the G. hirsutum genome. The CS lines have
been observed to maintain epistatic genetic effects and distinctive characteristics, including
increased fiber length (Saha et al. 2012) and competitive characteristics. With the continued
evolution of herbicide-resistant weed populations, namely Amaranthus palmeri, it is becoming
increasingly important to develop alternative weed control tools and techniques. More
genetically diverse CS lines maintain the potential to uncover promising competitive traits,
including allelopathic characteristics. Without developing alternative weed control techniques
such as allelopathic crop cultivars, herbicide-resistant weed populations will continue to evolve
at an alarming rate and reduce cotton yields.
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SCREENING COTTON CHROMOSOME SUBSTITUTION LINES FOR WEEDSUPPRESSING POTENTIAL USING THE STAIR-STEP TECHNIQUE
Abstract
Palmer amaranth (Amaranthus palmeri) is a problematic weed species especially for cotton
(Gossypium hirsutum). With the advent of chemical control, Palmer amaranth populations have
developed resistance to commonly used herbicides. It is imperative to develop alternative weed
control methods to slow the evolution of herbicide-resistant weed populations. Eleven
chromosome substitution (CS) cotton lines (CS-49, CS-38, C-34, CS-39, CS-27, CS-13, CS-50,
CS-26, CS-25, CS-43, and CS-46) previously screened for weed-suppressing abilities were utilized
in this study. The cotton lines were tested using the established stair-step structure methodology
and was replicated three times. Height (cm) and chlorophyll concentration (cci) was measured for
each plant in the system, and statistical analysis indicated a difference in Palmer amaranth height
reduction and chlorophyll concentration among the CS lines tested for 7, 14, and 21 DAE. The
14th DAE was determined to maintain the largest range in Palmer amaranth height reduction among
CS lines, where a 77.24% difference in height reduction was observed between the top performing
CS lines (CS-43, CS-34, CS-26, and CS-50). Mean susceptibility was calculated based on
significant differences, where CS-34 was determined to induce the most susceptibility in Palmer
amaranth with a value of 68%. Hierarchical clustering was guided by K-clustering techniques, and
a principal component analysis was conducted where the most competitive CS lines were
8

determined to be: CS-23, CS-26, CS-50, CS-34, CS-43, CS-46, CS-39, and CS-25. The
development of allelopathic cotton varieties would be especially valuable for farmers battling
herbicide resistant weed species or looking to prevent the accelerated evolution of herbicide
resistant populations. Allelopathy, however, is a complex phenomenon that requires further study
to be properly exploited in agricultural settings.
Keywords: allelopathy; Gossypium hirsutum; chromosome substitution; phenotyping
Introduction
Weed Science is a discipline focused on plants that are considered a nuisance (Zimdahl
2018). The definition of what is considered a weed largely depends on the human perspective
and is generally considered a plant that is growing somewhere it is not desired (Buchholtz 1967;
Humburg & Colby 1989). One of the most troublesome weeds facing farmers and weed
scientists today is Palmer amaranth (Amaranthus palmeri), a broad-leaved, herbaceous dicot
capable of prolific seed production and aggressive early seasonal growth (Culpepper et al. 2010;
Morgan, Baumann & Chandler 2001). Competition imposed by weeds affects the crop directly
and indirectly by (a) reducing fiber quality, (b) reducing crop yield, (c) increasing production
costs, (d) reducing irrigation efficiency, and (e) serving as hosts and habitats for pests such as
insects, rodents, nematodes, and disease-causing pathogens. Palmer amaranth negatively affects
many economically important crops, including soybean, sorghum, and cotton (Morgan, Baumann
& Chandler 2001). Furthermore, Palmer amaranth is considered the most problematic weed
species in eight cotton-producing states, including Mississippi (Webster & Nichols 2012;
Braxton et al. 2017), and has been observed to reduce cotton lint up to 54% (Morgan, Bumann &
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Chandler 2001; MacRae et al. 2013). Palmer amaranth also decreases harvesting proficiency to
2.4% when the weed is present at a density of 3,260 weeds ha-1 (Smith, Baker, & Stelle 2000).
Palmer amaranth and other weeds found in cotton fields have been traditionally managed
through appropriate cultivation, pre-planting, and timed herbicide applications (preemergence
and postemergence herbicide application) (Wilcut et al. 1995; Webster & Nichols 2012); the last
of which has become more prevalent in modern agricultural practice due to technological
advancements (Appleby 2005). The compound glyphosate is a key ingredient in Bayer’s
Roundup Ready herbicide, a common and effective tool in managing weeds in many
economically important agricultural fields such as cotton and soybean (Webster & Sosnoskie
2010). First introduced to the market in 1974, the herbicide effectively interrupts the Shikimate
Pathway by downregulating the 5-enolpyruvylshikimate-3-phosphatesynthase (EPSPS) enzyme.
This pathway is crucial for plants to produce aromatic amino acids such as tyrosine and
phenylalanine, and, when interrupted, results in plant death (Xu et al 2019).
Glyphosate revolutionized agricultural weed management due to the initial belief that the
herbicide was not toxic in mammals and relatively inactive in soil (Humburg & Colby 1989).
The use of glyphosate has exponentially increased in conjunction with the development and
introduction of glyphosate-resistant (GR) crops in the 1990s, including cotton, soybean, and rice
(Xu et al. 2019; Zimdahl 2018). As glyphosate has increased in use, research on the effects of
glyphosate has increased. It has been found that glyphosate has adverse side effects not
previously considered. For example, many herbicides using glyphosate often mixed the
phytotoxic chemical with additives such as surfactants, which directly impact the effectiveness
of the herbicide mixture (Székács & Darvas 2018). Research conducted by Mesnage, Bernay,
and Séralini (2013) suggested that phytotoxic chemicals mixed with adjuvants are 10,000 times
10

more toxic to mammalian mitochondrial activity than the phytotoxic chemicals alone (Mesnage,
Bernay & Séralini 2013). In addition to human health concerns, the increased use of and reliance
upon glyphosate and a few other herbicides is suspected of having driven the selection for
resistant weed varieties over time (Comont et al. 2019; Humburg & Colby 1989).
Furthermore, in many agricultural systems, glyphosate is used exclusively for weed
control (Webster & Nichols 2012). The overuse of and reliance on glyphosate and other
herbicides without rotation in many agricultural systems (Webster & Nichols 2012; VanGessel
2001) has led to the development of herbicide resistance in over 200 weedy species all over the
world, including the problematic Palmer amaranth (Amaranthus palmeri) (Trangel, Wright &
Heap 2019). Glyphosate-resistant Palmer amaranth has been primarily managed using
glufosinate, dicamba, and 2,4-D herbicides (Norsworthy et al. 2008), in conjunction with 2,4-D
and dicamba-resistant cotton varieties (Norsworthy et al. 2012). Due to the rapid evolution of
resistant Palmer amaranth, it is reasonable to assume Palmer amaranth populations will become
resistant to glufosinate, dicamba, and 2,4-D herbicides if these tools are not applied and rotated
correctly, as was elucidated with glyphosate (Norsworthy et al. 2012). To curb the evolution of
herbicide-resistant weed populations, alternative weed control techniques must be developed to
provide a supplement to chemical weed management in agricultural settings (Charles, Taylor &
Roberts 2004).
Numerous studies on rice, wheat, sunflower, and canola crop varieties have illustrated the
capability of some plants to possess weed-suppressing abilities, also known as allelopathy (Kong
et al. 2011; Sun et al. 2012). Allelopathy is an observed phenomenon in which secondary
metabolites from plants, produced by biochemical pathways, inhibit the growth of neighboring
plants, thereby reducing competition and increasing the plant of interest’s success, growth, and
11

fecundity (Rizvi 2012; Kong et al. 2011). This phenomenon can be utilized in conjunction with
chemical control techniques to suppress weed competition in agricultural fields effectively and to
take the pressure off chemical control management techniques. Allelopathic crop varieties are
especially promising for the modern frontier of agriculture because the chemicals produced by
the plant of interest are generally biodegradable and safer than conventional herbicides (Rizvi
2012).
Although no research has been conducted on the allelopathic effect of cotton on weed
species, studies have indicated the ability of cotton varieties to produce allelochemicals. In 1996,
Hoffman et al. studied cotton that was observed to inhibit the growth of weeds, including Palmer
amaranth (Gui-Ying, Jian-Guo & Yan-Bin 2015; Hoffman et al. 1996). Additionally, research
conducted by Gui-Ying, Jian-Guo, and Yan-Bin (2015) detected four phenolic acid compounds
in extracts of cotton roots from fields that had been mono-cropped for an extended period of time
(>10 years); these phenolic acids were classified as p-hydroxybenzoic acid, ferulic acid, gallic
acid, and vanillin (Gui-Ying, Jian-Guo & Yan-Bin 2015). Phenolic acid compounds have been
observed to possess allelopathic effects in a variety of crops, including sorghum, in which
sorgoleone was recorded to reduce velvetleaf and barnyard grass by 50% (Hoffman et al. 1996),
and sunflower, in which phenolic acid compounds were observed to repress redroot pigweed
germination up to 68% (Hall, Blum, & Fites 1982). Due to the suppression of weed growth when
in the presence of phenolic allelochemicals produced by crops of interest, it is reasonable to
assume that cotton varieties capable of producing phenolic compounds may possess weedsuppressive potential. To cultivate this characteristic in cotton plants, it is imperative to identify
cotton lines that can produce high levels of allelochemicals, which can then be entered into
selective breeding programs to develop cotton varieties with substantial weed suppressive ability.
12

Weed suppressing cotton varieties can contribute to sustainable cotton production and to restrain
the evolution of herbicide-resistant weeds.
The cotton genome, while large (2n=52) (Saha et al. 2006), is mainly composed of
homogenous gene segments (Chen et al. 2007). The long term domestication and refinement of
Gossypium hirsutum cultivars is suspected to be the reason for the species’ marked decline in
intraspecific polymorphism (Wendel, Brubaker & Perivel 1992). This lack of genetic variability
has left little for growers, agronomists, and geneticists to work with when faced with novel
problems, such as herbicide-resistant (HR) weed populations. Developed in 2006 by Saha et al.,
chromosome substitution (CS) cotton lines are characterized by the interspecific introgression of
alleles from alternative cotton species (Saha et al. 2006). Initially engineered to improve fiber
quality in Upland cotton (Gossypium hirsutum), the CS lines were created by substituting a
portion of the chromosome with the mirroring chromosome portion present in wild or exotic
species of cotton (Gossypium barbadense, G. mustillenum, G. darwinii, G. tomentosum). Each
CS line contains about 4% of the alternative species’ genome, with the remaining portion being
isogenic to the TM-1 parent (Saha et al. 2011). The lines have been observed to maintain
epistatic genetic effects, altering the expression of traits in unprecedented ways (Wu et al. 2008).
In preliminary greenhouse experiments (unpublished) , the 50 CS lines were screened for
their competitive ability. The competitive lines were determined to be: CS-49, CS-38, CS-34,
CS-39, CS-27, CS-13, CS-50, CS-26, CS-25, CS-43, and CS-46. These lines were further
phenotyped in this study. The main objective of the project was to phenotype competitive CS
lines in a greenhouse using the stair-step structure to observe potential weed-suppressing
characteristics.
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Materials and methods
This project utilized eleven chromosome substitution (CS) lines that had been created using
homologous chromosomes or chromosome arm of Gossypium barbadense (CS-B), Gossypium
tomentosum (CS-T) and Gossypium mustellinum (CS-M), substituted for homologous pairs of
Gossypium hirsutum (TM-1) chromosome or chromosome arm. The eleven CS lines utilized for
this study were: CS-43, CS-34, CS-26, CS-50, CS-39, CS-25, CS-23, CS-38, CS-13, CS-49, and
CS-27. The project will also use the parent line TM-1 and two commonly grown cotton varieties
(Enlist and UA48). The eleven CS lines, TM1, Enlist, and UA48 are considered donor species
were screened for their weed suppressive abilities pertaining to Palmer amaranth (Amaranthus
palmeri) which is regarded as the recipient species. All plants in the study (CS lines, control
varieties, Palmer amaranth) were germinated in a growth chamber using rockwool. The growth
chamber was set at 53% humidity, with a day-night cycle of 16/8
Upon germination, the seedlings were transplanted into pots of Quickrete Play Sand
(silicon dioxide). Each pot was planted with three seedlings, and each pot was considered an
experimental unit (which will be interchanged with the term ‘pot’ throughout this paper). The
seedlings were given 2-3 weeks to establish in the sand. Once established, all experimental units
were placed into a stair-step structure, as outlined by Schumaker et al. (2020) (Figure 1). The
structure was in a greenhouse at the RR Foil Plant Science Research Center at Starkville,
Mississippi. The temperature in the greenhouse was set at 28◦C during the day and 24◦C at night
with a 16/8 hours day/night cycle. The humidity levels were kept at 53%. The stair-step construct
consists of six descending platforms to place potted plants of interest. The first platform is
outfitted with bottles. The second, third, fourth, and fifth platforms hold the potted plants in the
experiment. The sixth and final platform is equipped with a collection tank and a pump. The
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pump is set on a timer and every 6 hours, water is pumped through plastic tubing from the
collection tank on the final platform to the corresponding bottle on the first platform. The water
drains from the bottle into the descending potted plants, until it drains into the collection tank.
This cycle continued for the duration of the experiment. Every column is outfitted with its own
pump, tubes, and so forth so each column can be considered a closed-loop system, and
independent from one another. All water used in the experiment was distilled.
For every CS line tested, there were two columns: the treatment column and the control
column. The treatment column was composed of four pots, two containing the same CS lines and
two containing Palmer amaranth. The treatment column was alternated and started with a pot of
CS cotton, followed by a pot of Palmer amaranth, followed by a pot of the same CS line,
followed by a pot of Palmer amaranth. The control column is composed of four descending pots
of the same CS line. This design was repeated for every CS line tested, per a repetition. For each
repetition, there was a single column of four pots of Palmer amaranth set up on descending
platforms (Figure 2). This design resulted in twenty-five columns per a single replication, with a
total of three consecutive replications for the entirety of the experiment. .
The system was fertilized using Hoagland’s No. 2 basal salts (Caisson Laboratories, INC.
Smithfield, UT). On the day of establishment (DOE), a starting concentration of 1500 mL
quarter strength Hoagland’s solution was used to fill each tank, respectively. This was repeated
14 days after establishment (DAE). Heights of all plants were measured in centimeters at 1, 7,
14, and 21 DAE. At 21 DAE, chloroplast concentrations were measured and recorded. Palmer
amaranth height reduction was calculated using the following formula:
Height reduction (%) = [height of control PA (cm) – height of experimental PA (cm) /
height of control PA (cm)] x 100
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Palmer amaranth chlorophyll reduction was calculated using the following formula:
Chlorophyll concentration [cc] reduction (%) = [cc of control PA (unit) – cc of experimental PA
(unit) / cc of control PA (unit)] x 100
Where the height of the control Palmer amaranth is the mean value for all Palmer amaranth
plants in the four-control pot. The experimental Palmer amaranth values are derived from the
mean parameter value of all PA plants present in an experimental column per CS line.
Statistical analysis
The experiment was a randomized complete design with one replication. The experiment
was run three times. Accessions were determined to be the fixed effect, and replications were
understood to be the random effect. Data for heigh reduction values at 14 DAT and chlorophyll
reduction at 21 DAT were analyzed separately by employing a general linear model, and mean
values were separated using Fisher’s Protected Least Significant Difference at or below a 0.05
probability level in JMP 14 (JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2007).
Hierarchal clustering guided by K means clustering was applied for the visualization of
correlation among variable and between variables and components in JMP. This technique
clustered the CS lines into associations based on Amaranthus palmeri inhibition (height and
chlorophyll concentration). The data was explored through a principal component analysis.
Results
Weed suppressive or otherwise competitive chromosome substitution (CS) cotton lines
were determined using mean height reduction and chlorophyll concentration reduction of the
receiver plant species, Palmer amaranth. The entire system was run for a total of 21 days. Height
reduction was observed to be statistically different 14 DAE. For this reason, height reduction
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values were pulled from 14 DAT. Palmer amaranth leaves were too small to measure chlorophyll
concentration without irreparable damage to the plant at 1, 7, and 14 DAT. For this reason,
chlorophyll concentration was measured at 21 DAT.
Height reduction
Height reduction values for all runs were pooled and analyzed at each day of data
collection (DOE, 7, 14, and 21 DAE) using ANOVA, where p<0.05 (Table 1). There was no
significant difference among CS lines on the day of establishment (DOE). On 7 DAE, ANOVA
resulted in a probability value of 0.0124, where CS-38 was determined to reduce Palmer
amaranth height by a mean of 58.46%. This was better than the lowest performing groups, where
CS-27 reduced Palmer amaranth by only 5.12%. On 14 DAE, analysis resulted in a probability
value of <.0001. This value indicates differences in Palmer amaranth height reduction among the
CS lines. The top performing lines 14 days after establishment were determined to be CS-43,
CS-34, CS-26, and CS-50, with the top performing line reducing Palmer amaranth height by a
mean value of 88.11%. The line with the lowest Palmer amaranth heigh reduction value was
determined to be CS-27 (10.87%). Analysis of height reduction values on 21 DAE indicated
significant differences among CS lines, where p=0.0200. Furthermore, the Fischer’s Protected
LSD determined that CS-43 (73.59%) reduced Palmer amaranth height more than the lowest
performing line, CS-13 (24.38%).
Chlorophyll reduction
Chlorophyll reduction values for all runs at 21 DAE were pooled and analyzed using
ANOVA, resulting in a probability value of <.0001. This value indicates differences in Palmer
amaranth chlorophyll reduction among CS lines. The top performing line was determined to be
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CS-34 with a mean Palmer amaranth chlorophyll reduction value of 65.07%. The line with the
lowest Palmer amaranth chlorophyll reduction value was determined to be Enlist at 2.24%
reduction (Table 1). Further analysis using Fisher’s Protected LSD indicated that CS-34 was
significantly better at reducing Palmer amaranth chlorophyll concentration than the other lines
screened.
Cotton reduction
On 14 DAE, analyses of variance revealed significant differences among CS line height
reduction due to weedy interactions. Comparison of means revealed CS-46 height was reduced
more by Palmer amaranth than all other CS lines, where p = 0.0139. Furthermore, on 21 DAE
CS-46 and Enlist suffered increased height reduction compared to the lowest performing CS
lines with a probability value of 0.0385. There was no significant data for cotton height reduction
on the day of establishment,7 DAE, or cotton chlorophyll reduction on any days of establishment
(Figure 3).
Hierarchical clustering and principal component analysis
Clustering analyses were performed utilizing the following five parameters (Table 1):
Palmer amaranth mean height reduction 7 DAE (%), Palmer amaranth mean height reduction 14
DAE (%), Palmer amaranth mean height reduction 21 DAE (%), Palmer amaranth chlorophyll
concentration reduction 21 DAE (%), and mean susceptibility. The parameters were pooled and
analyzed using a hierarchical cluster guided by K-clustering analysis. Two separate groups
emerged (Figure 4). Principal Component Analysis (PCA) guided by hierarchical clustering
indicates that 75.5% of variation in weed-suppressing characteristics can be contributed to
component 1, and 15% can be attributed to component 2 (Figure 5). Group 1 is composed of CS
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lines with reduced weed-suppressive capabilities including: CS-27, Enlist, CS-38, CS-13, CS-49,
TM1, and UA48. Group 2 is composed of the weed-suppressive CS lines CS-23, CS-26, CS-50,
CS-34, CS-43, CS-46, CS-39, and CS-25.
Discussion
Herbicide technology utilized to manage crops and weedy populations act to influence
and shape the emergence of ecotypes in the future (Webster & Nichols 2012); consequently,
reliance on a small variety of herbicides with little to no rotation has resulted in the emergence of
weedy biotypes that have developed resistance to one or more herbicides used in agricultural
practice today (Webster & Nichols 2012; VanGessel 2001). A current challenge in weed science
is to develop new biotechnologies and crops that can combat herbicide-resistant weed
populations while also maintaining low mammalian toxicity and low residual time in soil.
Competitive or allelopathic cotton varieties have the potential to serve as a powerful tool for
farmers.
In 2005, Stelly et al. successfully created seventeen chromosome substitution (CS) cotton
lines by crossing the genetic standard for Upland Cotton (Gossypium hirsutum), TM-1, with the
genetic standard for Pima Cotton (Gossypium barbadense), 3-79. These lines are referred to as
CS-B. Through the utilization of hypoaneuploidy-based backcross chromosome substitution,
telosomic TM-1 chromosomes were paired with the correlating chromosome arm from 3-79
through a three-step series including: (1) development of a hypoaneuploid stock, (2)
introgression of G. barbadense chromosome to develop a monosomic stock, and (3) restoration
of disomy through interbreeding (Stelly et al. 2005). Follow up work resulted in the development
of CS-T lines by following the same protocol with Hawaiian Cotton (Gossypium tomentosum)
instead of Pima Cotton (Gossypium barbadense) (Saha, Raska & Stelly 2006).
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In studies conducted by Wu et. al (2009) it was observed that CS line B16 was
consistently shorter than TM-1 cotton plants at all stages of growth, indicating that chromosome
16 in G. barbadense is associated with additive effects resulting in reduced plant height (Wu et
al. 2009). Resources for growth and reproduction are not infinite within a plant. In concordance
with plant resource allocation theory, as a plant dedicates more energy and resources to
reproduction, less resources will be dedicated to growth (Weiner 2004). In addition to growth
and reproduction, defense is plant mechanism that requires resources. It is possible that
chromosome substitution (CS) lines exhibiting more competitive or allelopathic characteristics
dedicate more resources to defense mechanisms as opposed to growth. This could be why alleles
derived from chromosome 16 in G. barbadense resulted in more competitive behavior in this
study but is also associated with stunted plant height (Wu et al. 2009). Genetic Analyses
conducted by Hu et al (2019) revealed that G. hirsutum is more tolerant to heat and cold stressors
than G. barbadense (Hu et al. 2019). Allelopathy is often a response to stressful environments
(Kruse, Strandberg & Strandberg 2000). Results of this study indicate CS-23 and CS-34 were
among the top four lines in terms of Palmer amaranth height and chlorophyll concentration
reduction. This chromosome substitution lines contains alleles from G. barbadense which would
be more sensitive to environmental stressors than G.hirsutum alone. It could be implied that if
underutilized species of cotton are more sensitive to competition, they would be more likely to
react by producing allelochemicals.
Gossypium tomentosum, or Hawaiian cotton, is closely related to both Pima cotton (G.
barbadense) and Upland cotton (G. hirsutum); however, G. tomentosum exhibits marked
differences in terms of markers, isozymes, and phenotype. Gossypium tomentosum was reported
by Brubaker et al. (1999) to produce thin, coarse fiber that is generally brown and strong
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(Brubaker, Bourland & Wendel 1999). Furthermore, Gossypium tomentosum has been observed
to be especially heat resistant, likely because this species evolved in the Hawaiian Islands, which
is characterized by dry, rocky, coastal habitats (Saha, Raska & Stelly 2006). The cross
pollination of G. hirsutum cotton with G. tomentosum or the genetic introgression of. G.
tomentosum genes into the G. hirsutum genome has the potential to confer weedy traits to
cultivated cotton (Pleasants & Wendel 2010). Such weedy traits would attribute to competitive
characteristics in CS-26 and CS-50 lines, which were among the top four lines with weedsuppressing characteristics.
Allelopathy is closely linked to stressors within the environment (Kruse, Strandberg &
Strandbery 2000). For this reason, it is believed that allelopathic test results are highly dependent
on the conditions in which the plants are tested. Greenhouse and lab settings are understood to be
less stressful than a field environment. Allelopathic affects may not be observable or may be
dramatically reduced in a lab or greenhouse setting (Kruse, Strandberg & Strandberg 2000).
Additionally, the stair-step structure outlined by Schumaker et al. (2020) calls for the use of sand
due to its negligible cation exchange capacity (Schumaker et al. 2016; Camberato 2007). While a
negligible CEC is a useful soil characteristic when assessing the potential of allelopathic
chemicals leaching from the potted plants, it is not conducive for proper cotton nutrient
regiments. Additionally, cotton is a sensitive plant and displays nutrient deficiency symptoms on
soils that are sufficient to other crops (Bednarz, Oosterhuis & Evans 1998). It is likely that any
observed greenhouse phenomenon would be greatly altered in a field setting.
It is understood that the release of allelopathic exudates through root structures is likely
related to biotic stress, such as defoliation. Rye was observed to proliferate the concentration of
hydroxamic, a well-documented allelochemical, from shoots to roots when under biotic stress.
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This is hypothesized to be a survival strategy to reduce competition in the surrounding area for
the plant to regenerate (Kruse, Strandberg & Strandberg 2000) more easily. While allelopathy is
best understood as the release of secondary metabolites from a donor plant that effects the
growth of a second, receiving plant (Rizvi 2012; Kong et al. 2011) some allelopathic crops have
the capability to negatively impact same species individuals. This autotoxicity has been observed
in several species including clovers (Trifolium ssp.) and alfalfa (Medicago sativa) (Hu et al.
2019).
Allelopathic Gossypium hirsutum varieties could be a valuable tool or farmers battling
herbicide resistant weeds or otherwise seeking alternative weed control techniques (Rizvi 2012);
however, allelopathic crops need to be competitive in a field setting, which would be most
effective when the crop is mature enough to produce a canopy. In these situations, it would be
advantageous to use chemical weed control during the critical weed free period and rely on
allelopathic chemicals later in the season (Kruse, Strandberg & Strandberg 2000). In future
experimentation using the stairstep structure, it would be useful to take water samples on the day
of establishment (DOE), 7, 14, and 21 days after establishment (DAE) to analyze allelochemicals
present or not present in the circulating system. Furthermore, the system could be utilized to test
cotton varieties against multiple weed species. To confirm the phenotyping results determined by
this study, a field experiment using selected competitive lines will be conducted. The
competitive lines will be planted in a field setting confirming the top performing CS lines’
competitive characteristics against multiple weed species.
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Palmer amaranth height reduction and chlorophyll reductions values
PA Mean
Height
Reduction 7
DAE (%)

PA Mean
Height
Reduction 14
DAE (%)

CS-43

55.23 ab

88.11 a

72.18 a

18.36 cd

58.47

CS-34

48.14 abc

86.13 a

73.59 ab

65.07 a

68.23

CS-26

35.99 abc

82.09 a

51.46 abcdef

42.23 ab

52.94

CS-50

34.99 abc

79.9 a

56.64 abcd

41.84 ab

53.34

CS-39

38.99 abc

74.48 ab

60.73 abc

8.11 d

45.58

CS-25

56.88 ab

71.91 ab

51.16 abcdef

6.39 d

46.59

CS-23

43.33 abc

63.21 abc

40.34 bcdef

38.02 bc

46.23

UA48

18.71 cd

56.68 abcd

54.97 abcdef

24.22 bcd

38.65

TM1

24.43 cd

38.24 bcde

38.81 cdef

4.37 d

26.46

Enlist

19.18 cd

37.16 cde

29.79 cdef

2.24 d

22.09

CS-38

58.46 a

33.55 cde

52.34 abcde

3.06 d

36.85

CS-13

26.95 bcd

30.52 cde

24.38 f

8.17 d

22.51

CS-49

33.73 abcd

18.64 de

28.84 def

2.41 d

20.91

CS-46

20.13 cd

18.38 de

50.13 abcdef

6.44 d

23.77

CS-27

5.28 d

10.87 e

26.09 ef

4.79 d

11.76

Accession

PA Mean
PA Mean
Mean
Height
Chlorophyll
Susceptibility
Reduction 21 Reduction (%)
(%)
DAE (%)

Mean height reduction (7, 14, and 21 DAE) and chlorophyll concentration reduction (21 DAE)
of recipient Palmer amaranth species in the stair step structure. The means are separated using
Fischer’s Protected LSD (α=0.05) with significant and linked groups marked in the table with
corresponding letters. The mean susceptibility is derived from the height reduction and
chlorophyll concentration reduction of Palmer amaranth for each CS line tested.
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The stairstep structure utilized in this experiment
The structure is composed of six descending platforms resembling a staircase, hence the name
‘stairstep structure.’ The first platform is outfitted with a bottle and tubing. The second, third,
fourth, and fifth platforms are outfitted with pots containing plants of experimental interest. The
sixth platform is equipped with a collection tank, a pump, and a tube. The tube connects to the
corresponding bottle on the first platform. Each column is composed of a bottle, four pots with
plants, and a collection tank with tubes and a pump; furthermore, each column is independent
from one another and can be considered closed loop systems.
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Design of treatment and control columns in the stairstep structure
For every CS line tested, there are two columns, the treatment column and the control column.
The treatment column is composed of four pots, two containing the same CS lines and two
contain Palmer amaranth (PA). The treatment column starts with a pot of CS cotton, followed by
a pot of PA, followed by a pot of the same CS line, followed by a pot of PA. The control column
is composed of four descending pots of the same CS line. This design was repeated for every CS
line tested, per a repetition. For each repetition, there was a single column of four pots of PA set
up on descending platforms
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Cotton height reduction results
Cotton height reduction results on 14 days after establishment (DAE) and 21 DAE. On 14 DAE,
p =0.0139. The line CS-46 suffered the highest percentage of height reduction at 47.9%
compared to control columns. On 21 DAE it was determined that p=0.0385. Here, CS-46
continued to suffer the highest percentage of height reduction at 31.3% compared to control
columns.

26

Dendrogram of weed-suppressive potential
Dendrogram of weed-suppressive potential of screened chromosome substitution (CS) cotton
lines using the stair-step system. Parameters included were: (1) Palmer amaranth height
reduction 7 DAE (%), (2) Palmer amaranth height reduction 14 DAE (%), (3) Palmer amaranth
height reduction 21 DAE (%), (4) Palmer amaranth chlorophyll reduction 21 DAE (%), (5) mean
susceptibility (%).
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Principal component analysis (PCA) of stairstep data
Principal Component Analysis (PCA) with five components: (1) Palmer amaranth mean height
reduction 7 DAE (%), (2) Palmer amaranth mean height reduction 14 DAE (%), (3) Palmer
amaranth mean height reduction 21 DAE (%), (4) Palmer amaranth mean chlorophyll reduction
21 DAE (%), (5) mean susceptibility (%). Group 1 is composed of CS-49, CS-13, TM1, Enlist,
CS-46, and CS-32. Group 2 is composed of CS-38, CS-25, CS-39, CS-43, CS-23, UA48, CS-50,
CS-26, and CS-34.
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EVALUATION OF COTTON CHROMOSOME SUBSTITUTION LINES FOR THEIR WEED
SUPPRESSIVE POTENTIAL UNDER FIELD CONDITIONS
Abstract
Allelopathic interactions have been observed to reduce interspecific competition in
agricultural settings. The chemicals involved in allelopathy can be released in a variety of ways
and are affected by environmental conditions. Greenhouse tests and lab tests are limited in their
capacity to mimic realistic environmental conditions and interactions; for this reason, field
studies are necessary to test the effectiveness of weed-suppressing chemicals. Five chromosome
substitution (CS) cotton lines previously screened for weed suppressing abilities were selected
for this field trial. The CS lines were sowed in 20-foot rows, respectively, with three problematic
weed species: redroot pigweed (Amaranthus retroflexus), tall waterhemp (..), morningglories
(Ipomoea spp.), and common lambsquarters (Chenopodium album). Weed density and cotton
height were measured 7, 14, and 21 days after the establishment (DAE) of weed species. On the
21st day, biomass samples of individual weed species were collected from the field. Twenty-five
bolls were harvested from each plot to calculate lint yield percentage and for HVI fiber analysis.
There were no significant differences between CS lines and weed species on any day of data
collection (7 DAE, 14 DAE, 21 DAE). Calculations, however, indicated that CS-26 reduced
morningglory ssp. 100% more than UA48 on 7 DAE. On 14 DAE, CS-26 continued to reduce
morningglory ssp. 90% more than control plots, and 100% again on 21 DAE. Other top
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performing lines include CS-34, reducing morningglory ssp. density 90% more on 7 DAE, and
CS-46, reducing common lambsquarter’s density by 100% on 21 DAE. Differences in cotton
height were observed at 14 DAE where CS-34 grew tallest with a mean height of 77 cm. Fiber
analysis indicated no differences among CS lines and UA48, disregarding upper-half mean
(UHM) measurements, in which UA48 was longer than all other lines tested with a UHM of 1.22
mm. Principal component analysis (PCA) guided by k-clustering and hierarchical clustering
resulted in seven different clusters, one containing each line or variety tested in this study.
Allelopathy is a complex phenomenon with great agricultural potential in an increasingly
herbicide-resistant world. Further research is required to understand allelopathic interactions in a
field setting. Future studies should incorporate multiple site locations and test against more weed
species of notoriety.
Keywords: allelopathy, weed density reduction, Gossypium hirsutum, chromosome substitution

Introduction
Interspecific competition imposed on crops by weeds is one of the most significant
constraints on crop yield. This phenomenon has been intensified by the evolution of herbicideresistant (HR) weed species (Comont et al. 2019). The evolution of HR weeds is primarily due to
farmers’ reliance on a limited selection of herbicides such as glyphosate (Webster & Sosnoskie
2010). Alternatives to chemical control are imperative for farmers to curb environmental effects,
human health impacts, and accelerated HR weed evolution (Khanh et al. 2007). The development
of allelopathic crop lines capable of suppressing and out-competing problematic, weedy species
could serve as a vital tool in agricultural weed management (Jabran 2016).
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Allelopathy is a complex, natural phenomenon first detected in 300 BC and 1 AD by
Theophrastus and Pliny II, respectively, by observing nutrient-deficient agricultural lands
subjected to ancient, mono-cropping techniques (Weston 2005). The expression was first coined
by Hans Molisch, in which the Greek term ‘allelon’ translates to ‘each other’, and the Greek
word ‘pathos’ translates to ‘suffering’ or ‘effect’. The term allelopathy was understood to define
a chemical phenomenon in which one plant exudes secondary metabolites that inhibit the growth
and success of neighboring plants (Olofsdotter et al. 2002; Khanh et al. 2007; Latif et al. 2017).
Elroy L. Rice (1984) later expanded the definition to include any kind of interaction, positive or
negative, that one plant has on another (Olofsdotter et al. 2002). In modern scientific inquiry, a
variety of plant species, including cucumbers [Cucumis sativus] (Olofsdotter et al. 2002), rice
[Oryza sativa] (Khanh et al. 2007), sorghum [Sorghum bicolor] (Jabran et al. 2015), and wheat
[Triticum ssp.] (Bertin et al. 2003) have been observed to produce allelochemicals that reduce
interspecific competition.
The release of weed-suppressing chemicals from a plant can occur through runoff,
volatile exudation, tissue degradation, and root secretion (Olofsdotter et al. 2002; Uren 2007).
Whichever way the weed-suppressing chemical is exuded, it is important to note that
environmental conditions have an apparent effect on the activity and interactions of the weedsuppressing chemical in the system (Weston 2005). These interactions maintain chemical,
ecological, and physiological components (Weston 2000). Released allelochemicals can become
inactive or reactive based on environmental chemical concentrations, temperatures, light
availability, and water availability. Due to the environmental variability of the effectiveness of
weed-suppressing compounds, all developing crop lines should be tested in conditions as close to
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the field as possible to mimic weed suppression activity in economically viable settings (Shafer
et al. 1998; Weston 2000).
The rhizosphere is a complex matrix of interactions influenced by root growth,
temperature gradients, water availability, nutrient levels, and microbial contact (Uren 2007).
Weed-suppressing chemicals secreted or exuded by plants are influenced by such environmental
conditions that can transform a chemical or render it inactive in the substrate (Olofsdotter et al.
2002). The age of the plant of interest, the density in which it persists, and the plant cultivar are
also factors that contribute to the chemicals being exuded or secreted by a plant and alter the
effectiveness of these chemicals on target plant species in the rhizosphere (Shafer et al. 1998;
Uren 2007). Interactions in the rhizosphere between the above-listed components and the plant
root exudates or secretions may facilitate chemical transformations of interest that promote
weed-suppressing capacity (Uren 2007). The exudation of a chemical from a plant does not mean
that the chemical will maintain the allelopathic effects on neighboring aggressive plants.
Furthermore, to have effects on neighboring plants, the chemical must stay active in the substrate
long enough to accumulate to threshold levels of bioactivity (Weston 2000). Greenhouse tests are
limited in their capacity to mimic field tests due to the decreased soil surface area, which in turn
affects plant absorption; the different or reduced microbial populations which interact with plant
roots; and the compounds present in field soil cultures that are not the same as greenhouse soil
cultures (Uren 2007). Most studies on allelopathic interactions investigate laboratory interactions
and do not confirm if laboratory results are relevant in a field setting; field studies are thus
necessary to test the effectiveness of weed-suppressing chemicals (Weston 2000). If five cotton
chromosome substitution (CS) lines previously screened for weed suppressing abilities (Fuller,
Tseng, & Schumaker 2020) are cultivated in agricultural fields with morningglories (Ipomeoa
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ssp.), common lambsquarters (Chenopodium albium), tall waterhemp (Amaranthus
tuberculatus), and redroot pigweed (Amaranthus retroflexus), it is expected for the more
competitive CS lines to reduce weed density at a greater rate than the less competitive CS lines.
This study aims to identify competitive CS lines in a field setting and determine the lint yield
associated with each CS line.
Materials and methods
This study was conducted at MAFES Pontotoc Ridge-Flatwoods Branch Experiment
Stations in Pontotoc, MS. The field was in Pontotoc, Mississippi (34.143500, -88.997000) at an
elevation of 149 meters (Figure 1). The soil at this site is known as an Atwood silt loam. This
soil type is characterized by well-drained soils that are very deep and of marine origin. They
were formed from a silty material derived from the mantle and loamy sediments and generally
found in the hills of the Upper Coastal planes where slopes can range from 0-17%. The
precipitation ranged from 142-147 centimeters annually with a mean temperature of 17 degrees
Celsius. Atwood silt loam is in the taxonomic class fine-silty, mixed, semiactive, thermic Typic
Paleudalfs (Anonymous 2016).
Six varieties of CS lines (CS-34, CS-23, CS-50, CS-26, CS-49, CS-46) and two control
varieties (TM1 and UA-48) were planted on June 12, 2020, at a seeding rate of 4.5 seed m2 to
achieve a live plant population of 36,682 using a John Deere 7100 equipped with Almaco cone
planter attachments. Each CS line was sown in a 20-foot row with 36” spacing per replication
with four replications. A 4-row spacing was placed between every pair of planted rows. A
mixture of Cotoran 4L (flumeturon) and Staple LX (pyrithiobac) was applied in the blank cotton
rows at a rate of 32 oz/acre on June 15, 2020 in the non-planted rows.
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On August 11, 2020, tall waterhemp (Amaranthus tuberculatus), redroot pigweed
(Amaranthus retroflexus), common lambsquarters (Chenopodium album), and morningglory
(Ipomoeoa ssp.) species were sown in between the planted rows at a density of 10 seeds m-2
using a spreader. Average cotton height was also recorded on the day of weed establishment (0
DOE), 7 days after establishment (DAE), 14 DAE, and 21 DAE using a meter stick and recorded
in centimeters. Starting one week after sowing the weed species, weed density was measured
weekly using a meter stick. The meter stick was thrown at 4 points per row for each weed
species of interest, totaling 12 throws per row. A stem count was conducted for each weed
species of interest for each throw. These values were averaged together, respectively, and
employed to determine the average number of plants per hectare for each weed species. Data
from the quadrat was collected from the middle 10 feet of each row to reduce the edge effects,
with five feet of edge on each side. Density reduction calculations were conducted using UA48
plots as the control using the following formula:
Density reduction = 100 – (Experimental weed density*100 / UA48 weed density)
On the fourth week, a square meter was marked in between each planted row. All weeds
in the square meter were collected and separated according to species. The samples were dried in
an oven for three days and weighed using a Cardinal HSDC balance (Figure 3). Complete data
sets were analyzed using analysis of variance on JMP.
The field was defoliated on November 6, 2020 with Folex applied at a rate of 16 oz/acre
and Bollbuster applied at a rate of 40 oz.acre. After defoliation, twenty-five cotton bolls were
hand-harvested, dried, and weighed for each CS line. All bolls were then ginned and weighed to
determine the seed weight and the lint weight. This information was used to calculate the lint
percentage for each CS line using the equation.
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Lint percentage = total harvested lint weight/ total harvested seed weight x 100
Lint samples were then packaged according to Cotton, Inc. instructions and sent to the
company for high volume instrument (HVI) fiber analysis. Each cotton line and variety had four
samples sent for analysis.
Statistical Analysis
The experiment was a randomized complete block design with four replications and one
run. The Accessions were determined to be the fixed effect, and replications were understood to
be the random effect. Data for density reduction values at all days of data collection, lint
percentage values, and high-volume instrument (HVI) fiber analysis values were analyzed
separately by employing a general linear model, and mean values were separated using Fisher’s
Protected Least Significant Difference at or below a 0.05 probability level in JMP 14 (JMP®,
Version 13. SAS Institute Inc., Cary, NC, 1989-2007) when appropriate.
Hierarchal clustering guided by K-means clustering was applied for the visualization of
correlation among variable and between variables and components. This technique clustered the
CS lines into associations based on Amaranthus palmeri inhibition (height and chlorophyll
concentration) and fiber analysis. The data was explored through principal component analyses.
All data was analyzed through analysis of variance on JMP software. When significant,
comparison of means was employed.

Results
Cotton height
The height of the cotton plants among the CS lines was not different at 0, 7, and 21 days
after establishment (DAE). However, at 14 DAE, the cotton CS lines differed in their heights,
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where p = 0.0191 (Figure 4). At 14 DAE, CS line CS-34 was measured to be 77 cm, nearly 18%
taller than the shortest CS lines CS-23 and CS-26, at 63.5 cm and 62.3 cm respectively, and 6%
taller than the parent line, TM-1 recorded to be 72 cm.
Weed density
The weed species recorded were common lambsquarters, morningglory ssp., redroot
pigweed, and tall waterhemp. Additionally, Johnsongrass was included in the data collection and
statistical analysis despite it not being manually sown because of its natural abundance in the
field. There were not statistical differences between CS lines on any days of data collection for
any weed species of interest.
Common lambsquarters
No density reduction values were calculated for 7 DAE because no common
lambsquarters individuals were observed in the field. On 14 DAE, CS-34 reduced common
lambsquarters 75% more than reduction observed in UA48 plots. Lines CS-26 and CS-46
reduced the weed’s density by 50%, and TM1 by 16.7%. All other CS lines (CS-23, CS-49, CS50) did not reduce common lambsquarters density at all (O%). On 21 DAE, CS-46 reduced
common lambsquarter’s density the most at a rate of 100%. Lines CS-23, CS-34, CS-49 and
TM1 resulted in 75% density reduction. The remaining CS lines, CS-26 and CS-50 reduced the
weed’s density 50% more than reduction rates recorded for UA 48 plots.
Morningglory ssp.
On 7 DAE, CS-26 was calculated to have 100% morningglory ssp. Density reduction
when compared to UA48 plots. With a total range of 70% among all CS lines, CS-23 resulted in
only 30% morninglory density reduction. On 14 DAE, CS-26 reduced morningglory ssp. The
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most efficiently at 90% density reduction. The second-best line was calculated to be CS-50 at
75%, closely followed by CS-46, CS-49, and TM1 all at 65%. The lowest performing line was
calculated to be CS-23 at 25% morningglory ssp. density reduction. On the final day of data
collection, CS-26 was determined to reduce morningglory ssp. density the most effectively at a
rate of 100%. A 75% range was maintained between the highest performing line (CS-26) and the
lowest performing line (CS-23).
Redroot pigweed and tall waterhemp
On 7 DAE, it was determined that CS-34 reduced redroot pigweed and tall waterhemp
the most at a 45% rate. The poorest performing CS line was calculated to be CS-49 with a 0%
reduction in redroot pigweed and tall waterhemp density. The second day of data collection (14
DAE), it was found that CS-46 reduced redroot pigweed and tall waterhemp density 61.5% more
than what was observed in control plots, which was 27.7% more than weed density observed in
TM1 plots (33.8%). The second-best performing line was CS-34 at 59.6% weed density
reduction. The lowest performing lines were CS-49 and CS-26 at 25% density reduction. On 21
DAE, CS-50, CS-46, and CS-34 all reduced redroot pigweed and tall waterhemp density
reduction 50% more than control plots. All other CS lines (CS-26, CS-49, and CS-23) alone with
TM1 reduced weed density by half that of the best performing lines (25%).
Johnsongrass
On the first two days of data collection (7 DAE and 14 DAE), Johnsongrass density
observed in experimental plots was higher than control plots, resulting in no density reduction
values. Johnsongrass density reduction was only observed on 21 DAE, where CS-46 reduced
weed density 25% more than control plots. The lines CS-49 and CS-23 reduced Johnsongrass
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density by 8.51%, and CS-34 at 7.7%. The lowest performing lines were CS-50 and TM1 with
0% reduction values, indicating Johnsongrass density was higher these plots than in UA48
control plots.
Biomass
Biomass data collection was not consistent for all CS line plots among all repetitions and
most weed species due to cotton canopy closure and the lack of weedy biomass on the day of
plant collection. No statistical analyses were performed on the biomass data with missing entries.
Johnsongrass was the only weed species with at least three repetitions of complete biomass data
for all replications. When analyzed, no differences were found. The line CS-49 had the highest
Johnsongrass biomass, with a mean value of 130.41 grams. The lowest biomass value was
collected from UA48 plots, with a mean weight of 34.02 grams. When compared to UA48 and
TM1, CS-49 had 73.9% and 47.8% more Johnsongrass biomass collected, respectively. Data is
presented in Table 2.
Lint percentage
Statistical analysis indicated there were no significant differences among any of the lines
tested in terms of lint percentage. Seeds were collected and weighed, indicating that CS-23 had
the highest seed weight at 69.25 grams and CS-34 had the lowest seed weight at 56.5 grams. Lint
was also collected and weight, revealing that UA48 produced the most lint per sample with a
value of 44.25 grams while CS-34 produced the least amount of lint per sample at 26 grams. The
conventional cotton variety UA48 was determined to have the highest mean lint percentage at
75.9%. The CS line with the highest mean lint percentage was CS-46 at 75.5%, only 0.5% less
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than UA48. The CS line with the lowest mean lint percentage was calculated to be CS-50 at
42.59%, 43.9% less than UA48 and 43.6% less than CS-50 (Table 3).
Fiber analysis
High volume instrument (HVI) testing results are represented in Table 4. No differences
among the CS lines were observed in terms of micronaire, uniformity, strength, elongation, or
short fiber index. Micronaire values for all CS lines were calculated to have a mean value of
3.78. The mean value for uniformity was 81.51%, and for strength was 31.69 kN m/kg. The
mean elongation for all fiber samples analyzed was 7.19% with a short fiber index of 8.47. The
upper half mean (UHM) (mm) values were different among the CS lines, where p = 0.0264..
Further analysis using a student’s t-test revealed that UA48 produced more uniform strands than
the other CS lines tested at 1.22 mm, 12.3% higher than the CS-34’s lowest measurement at 1.07
mm (Figure 5). The parent line for all CS lines, TM1, was reported to have an UHM value of
1.13 mm, 7.4% less than UA48 and 5.3% more than CS-34.
Hierarchical cluster and principal component analysis (PCA)
Two clusters and principal component analyses were conducted. The first utilized all
weed density reduction parameters measured and discussed thus far in this paper. The second
analyses focused on fiber analysis parameters.
The first (Figure 6) principal component analysis included all weed density reduction
values measured in this paper. Guided by k-clustering, it was determined that three was the
optimal number of clusters. The first cluster was composed of CS-23, with low density reduction
values for all weed species at all days of data collection. The second group was composed of CS49, CS-50, TM1, and CS-26, with median weed density reduction values for morningglory
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species at all days of data collection and pigweeds 7 DAE. The final group was composed of CS34 and CS-46, which maintained high weed density reduction values for pigweeds 14 and 21
DAE, Johnsongrass 21 DAE, and common lambsquarters 14 and 21 DAE.
The second principal component analysis (Figure 7) was directed using k-clustering and
hierarchical clustering analysis. It was determined that the optimal number of clusters based on
fiber parameters was four. K-clustering analysis indicated that for clusters was optimal. The first
cluster was composed of CS-26 and Cs-34, with higher short fiber index values. The second
group was composed of CS-49, TM1, CS-23, and CS-50, with relatively median values for all
fiber parameters measure. The third group was made up of CS-46, which maintained higher
elongation values. The final group is composed of UA-48, with higher UHM (mm), Micronaire
(um), Uniformity (%), and Strength (kN m/kg) values.
Discussion
This study observed the density reduction of different weed species at several points of
plant growth and crop maturity. All weed species observed and recorded throughout this study
suffered a decrease in density on at least one day of data collection, except for common
lambsquarters (Chenopodium album). Additionally, the performance of cotton chromosome
substitution (CS) lines was weed species-specific and varied at different days of data collection.
The line CS-26 was observed to reduce weed density reduction in common lambsquarters
and morningglory ssp. An important gene referred to as rkn1 has been identified on Gossypium
hirsutum’s chromosome 11. This gene is suggested to confer resistance to Meloidogyna
incognita, a nematode. In 2008, Wang, Ulloa and Roberts utilized interspecific crosses of G.
hirsutum and G. barbadense to further investigate possible nematode resistance related to genes
on chromosome 11. Using SSR markers, the researchers were able to identify transgressive
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genes near the rkn1 portion of chromosome 11. This research suggests genes present on
chromosome 11 produce epistatic effects related to defense (Wang, Ulloa, & Roberts 2008),
which would be why short arm introgression of chromosome 11 resulted in high rates of weed
defense in the current study.
The CS lines CS-49 and CS-50 were determined to have some of the lowest weed density
reduction values. Chromosomes 14-26 in the tetraploid Gossypium genome are derived from the
D subgenome (Jiang et al. 2000; Ulloa et al. 2005). In 2005, Ulloa et al. delegated chromosome
identities to 15 linkage groups derived from an RFLP joinmap associated with four populations
of Gossypium hirsutum. The groups were designated based on what chromosomes were lacking.
This information was utilized to integrate QTL markers to pinpoint traits of interest, such as fiber
and yield. Chromosome substitution lines lacking the long arm of chromosome 26 were missing
three markers associated with the long arm of chromosome 26 in TM-1, the parent plant of
aneuploid chromosomes in this study. Analysis indicated that the long arm of chr-26 contained
19 QTLS, three of which are associated with agronomic traits and 16 of which are associated
with fiber quality traits (Ulloa et al. 2005). It has also been hypothesized that chromosome 26
may be a cold spot for meiotic recombination (He et al. 2007; Ulloa et al. 2005). Studies indicate
this genetic region is vital for agronomic traits such as fiber and yield and is mostly conserved
with little genetic variation or improvement through generations. The replacement of
chromosome 26 with a mirroring portion for a different Gossypium species has been shown to
reduce competitive ability in this study.
Additionally, CS-23 was determined to reduce Morningglory spp. density 70% less than
CS-26 registering in at 100% density reduction at 14 DAE. This CS line is characterized by
chromosome 10 being derived from Gosspyium barbadense instead of Gossypium hirsutum.
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Analysis for Johnsongrass density at 21 DAE shows that CS-23 was also one of the lower
performing lines at 8.8% weed density reduction. Research carried out by Fang et al. (2010)
aimed to pinpoint the location of Cbd, a dominant gene hypothesized to control cotton blue
disease resistance in Gossypium hirsutum using SSR markers. Separate maps of SSR markers in
Gossypium barbadense and G. hirsutum populations indicated that Cbd is on chromosome 10,
likely around the telomeric region. Disease resistance is a complex phenomenon, much like that
of allelopathic defense mechanisms, and must be met with the appropriate environmental
conditions and the relevant vector and host (Fang et al. 2020). It is possible that genes associated
with a variety of defense, not just disease resistance, are linked to chromosome 10 or even the
same genes involved in different defense modes. When Gossypium hirsutum’s chromosome 10 is
replaced with a mirroring chromosome from another species, defense is decreased. Defense in
plants is generally inductive and not constitutive, meaning the proper environmental cues must
be registered in the right conditions by the appropriate threat (herbivory, pathogen, etc.) for a
response to be generated.
It is important to note that fiber analysis and subsequent ANOVA analysis indicated no
differences in most parameters measured among the cotton CS lines, TM1, and UA48. This
result suggests the overall fiber quality of experimental CS lines maintains economic integrity.
Upper half mean (UHM) measurements, however, indicated that CS-34 was significantly shorter
than UA48, with an UHM value of 1.02 mm. Additionally, CS-34 was recorded to have
produced the lowest seed weight at 69.25 grams and the lowest lint weight at 26 grams. In 2006,
Saha et al. explored fiber quality and agronomic traits of 14 chromosome substitution lines
created with chromosomes and chromosomes arms derived from Gosspyium barbadense. A
variety of parameters including elongation, strength, yield, 2.5% span length, boll size, lint
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percentage and micronaire qualities were measured in a field experiment that was replicated and
spread among five diverse agronomic environments. Results indicated that B16, a line containing
a chromosome arm from G. barbadense chr-16, had a seed cotton yield of 1453 kg/ha, one of the
lowest yields of all CS lines tested (Saha et al. 2006). It is likely genes associated with fiber
production and quality are located on Gossypium hirsutum’s chromosome 16. When considering
height, CS-34 was significantly taller than all other lines measured in this study, at a mean height
of 77cm. This study, however, may indicate CS-34 as an allelopathic plant with high redroot
pigweed and tall waterhemp density reduction, so yield reduction may be attributable to cotton
plant’s allocating resources to defense and growth as opposed to yield.
The first principal component analysis looked closer at weed density reduction
parameters and resulted in three separate clusters, indicating high performing lines, medium
performing lines, and low performing lines as guided by k-clustering. It was observed that 40.5%
of variation observed in the field could be attributed to component 1, while 30.6% could be
attributed to component two. The two lines with the highest weed density reduction values were
determined to be CS-46 and CS-34.
The second principal component analysis was focused on fiber analysis parameters, as
generated by Cotton, Inc. through High Volume Instrument (HVI) testing. It was revealed that
75.9% of variation observed in the field was due to component 1, and 17.1% could be
contributed to component two. Guided by k-clustering, it was determined that the optimal
number of clusters was four. The top performing cluster was UA-48, which high values for
strength (kN m/kg), uniformity (%), micronaire (um) and UHM (mm). The line CS-46 had
median values for Elongation (%), Strength (kN m/kg) and Uniformity (%). Two lines CS-26
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and CS-34 maintained higher short fiber index values. The remaining lines (CS-49, TM1, CS-23,
and CS-50) maintained median values for all fiber parameters.
Micronaire is one of the most important fiber measurements as it is thought to be
indicative of fiber fineness and maturity (Montalvo 2005). The optimal values for micronaire are
3.5-4.9 um (Hake et al. 1991). The values reported from the High Volume Instrument (HVI)
testing as performed by Cotton, Inc reported values that were averaged. The mean micornaire
values for the CS lines analyzed in this study ranged from 3.56.-4.18. Despite the experimental
nature of the CS lines, fiber production was up to par with the conventionally grown UA48, a
promising find.
The efficacy of exuded allelochemicals is impacted by plant species, plant cultivar, plant
age, and the mode of secretion from the donor plant (Latif, Chiapusio & Weston 2017).
Additional factors include environmental temperatures, nutrients concentrations in the soil, and
exposure to UV rays (Latif, Chiapusio & Weston 2017).Allelochemicals in general lack a
singular mode of action or chemical structure, interacting with plants and organisms in the
environment in a multitude of ways (Sathishkumar et al. 2020). Interactions include effecting
target plant photosynthesis (Einhellig & Rasmuseen 1979), cell division (Rizvi & Rizvi 1992),
plant metabolism (Kruse, Strandberg & Strandberg 2000), and membrane permeability (Harper
& Balke 1981). In 1979, chlorophyll metabolism interference in soybean and sorghum was
investigated by Einhellig and Rasmussen. Applying ferulic acid, p-coumaric acid, and vanillic
acid in a 6-day treatment cycle at 5 x 10-3 M and 5 x 10-5 M, the researchers detected a dry
weight reduction and chlorophyll concentration reduction in soybean seedlings. Sorghum
seedlings were observed to suffer a reduction in growth, but a reduction in chlorophyll
concentration was not observed (Einhellig & Rasmussen 1979). In 2011, researchers
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Jafariehyazdi and Javidfar considered the allelopathic effect of three Brassica species at different
stages of maturity (straw and full flowering) on sunflower germination and subsequent growth.
Aerial plant parts were collected from Brassica plants in full flower, dried, and used to prepare
aqueous extracts. Additionally, straws of all three Brassica species were collected, dried, and
used to prepare a set of aqueous extracts. The extracts wee then diluted to make five different
concentrations of extract, ranging from 0-40%, respectively. Sunflower seeds were then
sterilized, placed in a petri dish for germination, and subjected to varying aqueous extract
concentrations from the three separate Brassica species at different stages of growth. It was
determined that full flowering stage extracts reduced sunflower germination rate the most at
8.1x. Aqueous extracts from the straw stage also reduced germination, but only by 7.1x. There
were not any significant differences between different species of Brassica. (Jafariehyazdi &
Javidfar 2011). Allelopathic interactions are extremely variable in nature and highly dependent
on growth stage, chemical concentration, and plant species.
Allelopathic interactions have been acknowledged and utilized in agricultural practices
such as crop rotation, intercropping systems, and the use of cover crops (Cheng & Cheng 2015).
All plants have potential allelochemicals present in tissues and plant organs. The release of these
chemicals is hypothesized to be environmentally induced (Weston 2005). The soil-root interface
is one of the most active sites in the soil matrix. At this site, a variety of organic compounds and
microorganisms are present. Any allelochemicals secreted into this matrix are constantly
changing and are dependent on a myriad of biotic and abiotic factors, including soil organic
matter, soil pH, soil moisture, and microorganism populations (Latif, Chiapusio & Weston 2017;
Weston 2004). When exposed to the complex rhizosphere, allelochemicals are altered due to the
chemical, biological, and physical interactions before reaching the target plant. While
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allelochemicals are ‘natural’ they act much like herbicides in their inhibitory nature. When
discussing the transformation of allelochemicals in the rhizosphere, we can consider the fate of
herbicides in the environment for a better understanding. Any chemicals present in soil can be
subjected microbial decay, leaching, runoff, and photolysis. Additionally, chemicals in the soil
profile can be conjugated and transformed to have decreased on increased efficacy if ever taken
up by the target plant (Blasioli, Braschi, & Gessa 2011). Furthermore, allelochemicals can only
affect if they are released into the rhizosphere at biologically active concentrations. The
chemicals must persist in this active form for a long enough period to be taken up by the target
plant. The more target plants present, the higher the concentration of allelochemicals must be to
maintain bioactivity (Latif, Chiapusio & Weston 2017).
In a field setting, it is nearly impossible to attribute a plant’s loss of vigor to allelopathy
because of competition interference. Plant interference due to allelopathic interactions has been
well documented in controlled, greenhouse settings which remain an essential screening tool for
identifying potential allelopathic crops (Weston 2005). The development of allelopathic crop
varieties is the most promising application of this phenomenon in an agricultural setting.
Allelopathic crops, however, must be able to sufficiently suppress weeds while also producing a
high yield of good quality (Cheng & Cheng 2015). In 2004, Bertholdsson worked with spring
wheat to incorporate allelopathic characteristics into the genome using conventional breeding
techniques. Highly allelopathic lines were observed to reduce weed biomass by 19%, but the
overall yield of the spring wheat was reduced by 9%. An allelopathic cultivar of spring wheat
has not been accomplished (Bertholdsson 2004). Allelopathy is a complex phenomenon with
great agricultural potential in an increasingly herbicide-resistant world. Further research is
required to understand allelopathic interactions in a field setting. Future studies should
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incorporate multiple site locations and test against more weed species of notoriety. Additionally,
a control plot should be incorporated so that UA48 can be accurately compared to lines tested in
the field.
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Aerial image of MAFES Pontotoc Ridge-Flatwoods Branch Experiment Station
Located in Pontotoc, MS (34.143500, -88.997000). The white marker is indicative of the specific
field site for this study. The site sits at an elevation of 149 meters and the soil type here is known
as Altwood silt loam. The annual precipitation in this area ranges from 142-147 centimeters and
the mean temperature is 17 degrees Celsius (Anonymous 2016). Imaged derived from Google
Images.
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Photograph of Cardinal scale used to measure dry weed biomass.

49

Cotton height measurements (cm) 21 days after weed species establishment.
Analysis of variance (ANOVA) using JMP indicated a significant difference among CS lines
(p=0.0191). Comparison of means using a student’s t-test resulted in a connecting letters report,
where CS-34 was taller than the shortest CS lines CS-23 and CS-26.
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Upper half mean (UHM) (mm) values reported in high volume instrument (HVI)
fiber analysis.
Analysis of variance (ANOVA) reported significant differences among CS lines fiber length,
where p = 0.0264. Comparison of means using a student’s t-test revealed that UA48 produced
fiber with longer upper half mean lengths than all other cotton lines and varieties tested.
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Principal component analysis (PCA) of weed density reduction parameters.
Analysis includes all weed density reduction parameters discussed in this study, disregarding
Johnsongrass density reduction on 7 DAE and 14 DAE and common lambsquarters density
reduction on 7 DAE due to no reduction values. Parameters included morningglory density
reduction 7 days after emergence (MG DR 7 DAE), tall waterhemp and redroot pigweed density
reduction 7 days after emergence (PW DR 7DAE), common lambsquarters density reduction 14
days after emergence (CL DR 14 DAE), morningglory ssp. density reduction 14 days after
emergence (MG DR 14 DAE), tall waterhemp and redroot pigweed density reduction 14 days
after emergence (PW DR 14 DAE), common lambsquarters density reduction 21 days after
emergence (CL DR 21 DAE), Johnsongrass density reduction 21 days after emergence (JG DR
21 DAE), morningglory ssp. density reduction 21 days after emergence (MG DR 21 DAE), tall
waterhemp and redroot pigweed density reduction 21 days after emergence (PW DR 21 DAE).
Guided by k-clustering, it was determined that three was the optimal number of clusters. The
first cluster was composed of CS-23, with low density reduction values for all weed species at all
days of data collection. The second group was composed of CS-49, CS-50, TM1, and CS-26,
with median weed density reduction values for morningglory species at all days of data
collection and pigweeds 7 DAE. The final group was composed of CS-34 and CS-46, which
maintained high weed density reduction values for pigweeds 14 and 21 DAE, Johnsongrass 21
DAE, and common lambsquarters 14 and 21 DAE.
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Principal Component analysis of high volume instrument (HVI) fiber analysis.
Analysis was performed by Cotton, Inc. Parameters of interest are: Elongation (%), Strength (kN
m/kg), Uniformity (%), UHM (mm), Micronaire (um), and Short Fiber Index. K-clustering
analysis indicated that four clusters was optimal. The first cluster is composted of CS-26 and Cs34, with higher short fiber index values. The second group is composed of CS-49, TM1, CS-23,
and CS-50, with relatively median values for all fiber parameters measure. The third group is
composed of CS-46, with a higher elongation value. The final group is composed of UA-48, with
higher UHM (mm), Micronaire (um), Uniformity (%), and Strength (kN m/kg) values than the
other varieties and lines tested.
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Weed density reduction values of all weed species.
Timing
7 DAE

14 DAE

21 DAE

CS
CL

JG

MG

PW

CL

JG

MG

PW

CL

JG

MG

PW

CS-23

n/a

0.0

30.0

5.0

0.0

0.0

25.0

34.6

75.0

8.5

25.0

25.0

CS-34

n/a

0.0

90.0

45.0

75.0

0.0

55.0

59.6

75.0

7.7

50.0

50.0

CS-46

n/a

0.0

50.0

5.0

50.0

0.0

65.0

61.5 100.0

25.0

69.1

50.0

CS-49

n/a

0.0

80.0

0.0

0.0

0.0

65.0

25.0

75.0

8.5

63.2

25.0

CS-26

n/a

0.0

100.0

30.0

50.0

0.0

90.0

25.0

50.0

1.3

100.0

25.0

CS-50

n/a

0.0

55.0

10.0

0.0

0.0

75.0

42.3

50.0

0.0

63.2

50.0

TM1

n/a

0.0

92.0

43.1

16.7

0.0

65.0

33.8

75.0

0.0

63.2

24.0

Lines

Measurements were collected for each chromosome substitution (CS) line on all days of data collection (7, 14, and 21 days after
establishment [DAE]). CL = common lambsquarters, JG = Johnsongrass, MG = morningglory spp., and PW = pigweeds (tall
waterhemp and redroot pigweed). There was no significant difference between weed reduction values for any CS lines on any days of
data collection.
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Table of weed biomass measurements in grams (g).
Mean
Replication 1

Replication 2

Replication 3

Replication 4

Biomass

PW

CL

MG

JG

PW

CL

MG

JG

PW

CL

MG

JG

PW

CL

MG

JG

JG

CS-49

n/a

n/a

n/a

68.0

n/a

n/a

n/a

45.4

<22.7

n/a

n/a

181.4

n/a

n/a

n/a

226.8

130.4

TM1

n/a

n/a

n/a

90.7

n/a

n/a

n/a

68.0

n/a

<22.7

n/a

68.0

n/a

n/a

n/a

45.4

68.0

CS-26

n/a

n/a

n/a

68.0

n/a

n/a

n/a

113.4

n/a

n/a

n/a

68.0

n/a

n/a

n/a

136.1

93.4

CS-46

n/a

n/a

n/a

22.7

n/a

n/a

n/a

45.4

n/a

n/a

n/a

158.8

n/a

n/a

<22.7

204.1

107.7

CS-23 <22.7

n/a

n/a

90.7

n/a

n/a

n/a

45.4

22.7

n/a

n/a

68.0

n/a

n/a

n/a

204.1

102.1

CS-34

n/a

n/a

n/a

45.4

n/a

n/a

n/a

22.7

n/a

n/a

n/a

158.8

n/a

n/a

n/a

226.8

113.4

UA48

n/a

n/a

n/a

68.0

n/a

n/a

n/a

45.4

n/a

n/a

<22.7

22.7

n/a

n/a

n/a

n/a

34.0

CS-50

n/a

n/a

n/a

n/a

n/a

n/a

<22.7 136.1

n/a

n/a

n/a

136.1

n/a

n/a

n/a

113.4

96.4

Measurements were collected 21 days after establishment (DAE). The symbol ‘x’ indicates no biomass data for a particular weed and
CS line combination. CL = common lambsquarters, JG = Johnsongrass, Mg = morningglory spp., and PW = pigweeds (tall waterhemp
and redroot pigweed).
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Mean values of seed weight (g), lint weight (g), and calculated lint percentage (%).
CS Line

Seed weight (g)

Lint Weight (g)

Lint Percentage (%)

CS-23

69.25

32.25

46.40

CS-46

59.00

39.75

75.51

CS-49

68.75

29.25

42.69

CS-34

56.50

26.00

42.62

CS-26

58.75

28.00

46.37

CS-50

65.75

28.25

42.59

TM1

63.75

28.75

44.55

UA48

63.50

44.25

75.90

No statistical differences were found when analyzing lint percentage. The line with the highest
seed weight was CS-23 at 69.25 grams. The line CS-34 had the lowest seed weight at 69.25
grams. The cotton variety UA48 was calculated to have the highest lint percentage at 75.5%.

56

Table of high volume instrument (HVI) fiber analysis measurements performed by
Cotton, Inc.
Accession Micronaire
CS-23

3.78

UHM
(mm)
1.08 B

Uniformity
(%)
81.08

Strength
(kN m/kg)
31.18

Elongation Short Fiber Index
(%)
7.15
8.70

CS-34

3.73

1.07 B

80.57

29.93

6.97

10.43

CS-46

3.86

1.13 B

82.13

32.30

7.78

7.85

CS-49

3.58

1.12 B

81.90

31.15

7.33

8.38

CS-26

3.56

1.09 B

80.33

30.08

7.05

9.88

CS-50

3.68

1.12 B

81.35

32.48

7.18

8.33

TM1

3.83

1.13 B

81.17

31.47

7.27

8.43

UA48

4.18

1.22 A

83.53

34.90

6.78

5.75

Mean

3.78

1.12

81.51

31.69

7.19

8.47

Parameters measured include micronaire, upper half mean (UHM) (mm), uniformity (%),
strength (kN m/kg), Elongation (%), and short fiber index ratings. No statistical differences were
observed for any parameters except for upper half mean (UHM), in which the connection letters
report is provided.
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HPLC IDENTIFICATIN OF COMPOUNDS ASSOCIATED WITH WEED-SUPPRESSIVE
CHROMOSOME SUBSTITUTION COTTON LINES
Abstract
Cotton is an economically important fiber crop that is cultivated around the world to
make a variety of consumer products including textiles, oils, paper money, and feeds. While
there are many species in the Gossypium genus, there are only four cultivated germplasms
Chromosome Substitution (CS) Lines of Upland cotton created using interspecific introgression
provide variation in the Upland Cotton genome rooted in more heterogenous Gossypium
germplasms that have elucidated valuable characteristics. In previous screenings, selected CS
lines were determined to exhibit weed-suppressive characteristics. It is also expected for the
selected CS lines of interest to produce chemical exudates associated with weed-suppression that
can be isolated and identified. The CS lines CS-23, CS-34, CS-46, CS-49, CS-26, and CS-50
along with TM1 and UA48 were germinated in rockwool and then transferred into test tubes at
the two-leaf stage. This was considered the day of establishment (DAE). On 21 days after
establishment (21 DAE) and 28 DAE, aqueous samples were taken and filtered to prepare the
samples for HPLC tests. The samples were run with the following seven standards: vanillin, phydrozybenzoic acid, coumaric acid, coumarin, caffeic acid, chlorogenic acid, transcinnamic
acid, and 2-hydroxycinnamic acid. In one B10 samples collected at 28 DAE, a peak like
chlorogenic acid standards was identified, and the concentration of the B10 samples was
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calculated to be 0.15ppm using the calibration curves constructed from standard runs. Similarly,
coumarin was detected in one CS-49 sample and was calculated to be present a concentration of
0.76 ppm. The concentrations were not high enough for subsequent quantification. A peak at 2.9
minutes was consistent through much of the samples, although the identification of the chemical
remains elusive. It is likely the lines are producing chemicals, and more testing using a variety of
potentially allelopathic standards would be useful.
Keywords: coumarin, chlorogenic acid, chromosome substitution, HPLC, Gossypium hirsutum
Introduction
Cotton is an essential fiber crop around the world and is used in the production of oils,
feeds, and foodstuffs (Wu et al. 2008). Worldwide consumption of all cotton products is
estimated to be 27 metric tons annually; furthermore, the United States is one of the most
important producers of cotton products internationally, resulting in total revenue of nearly 7
billion dollars a year (Chen et al. 2007). Additionally, global cotton production is a $500 billion
dollar industry (Chen et al. 2020).
Most cotton species cultivated around the world are hypothesized to have evolved from a
single cross between an ancestral cotton species originating in the Americas (Chen et al. 2007).
The four cultivated germplasms are Gossypium hirsutum L., Gossypium arboretum L.,
Gossypium herbaceum L., and Gossypium barbadense L. (Jabran 2016). Gossypium hisurtum
and Gossypium barbadense are tetraploid and considered ‘New World’ species, while
Gossypium arboretum and Gossypium herbaceum are diploid and considered ‘Old World’
species. (Wendel, et al. 1992).Of these four species, Gossypium hisurtum L., or Upland cotton, is
the most cultivated species, comprising nearly 95% of all cotton cultivated worldwide (Chen et
al. 2007; Jabran 2016). The cotton genome (2n = 52) (Saha et al. 2006) is composed of large
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segments of duplicated, homogenous genes (Chen et al. 2007); furthermore, while the cotton
genome is relatively substantial with 2,250 Mb of 1c content, genetic analysis has revealed that
genetic variation within the cultivated species is very low, possibly due to the ancestral cross
afore mentioned (Nguyen et al. 2004). The domestication and increased cultivation of Upland
cotton is also suspected to be correlated with the species’ dramatic reduction in intraspecific
polymorphism (Wendel et al. 1992). Low genetic variability within the commonly cultivated
Upland cotton has resulted in limited tools available for growers, agronomists, and scientists to
work with when facing modern problems such as herbicide-resistant (HR) weed populations.
Investigations by Bertholdsson in 2004 found that allelopathic characteristics were associated
with elder land races of barley as opposed to newer cultivars designed for high yield output. It is
suggested that the incorporation of antecedent or wild cultivars and races may provide a valuable
gene pool with a high frequency of allelopathic characteristics to be utilized in the effort to breed
weed suppressive crop varieties (Bertholdsson 2004). Interspecific introgression of alleles from
underutilized germplasms, such as Pima Cotton (Gossypium barbadense) could rejuvenate the G.
hirsutum germplasm with beneficial alleles (Saha et al. 2006).Chromosome substitution (CS)
lines were developed through interspecific introgression. This technique allowed for Saha et al.
(2015) to substitute ‘wild’ or ‘unadapted’ chromosomes from alternative, tetraploid cotton
species for missing chromosomes or chromosome pairs in the G. hirsutum germplasm (Saha et
al. 2015) One of the beneficial agronomic effects observed in some CS Lines is their
allelopathic, weed suppressing potential.
The evolution of herbicide resistance in weed populations can be due to a variety of
mechanisms such as a change in the morphology of the active site or an altered metabolic rate
caused by an applied directional selection pressure on the population itself (Appleby 2005). In
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modern agriculture, many HR weed populations have evolved due to intense selection pressure
imposed by reliance on chemical weed control without rotation (Comont et al. 2019; Webster &
Nichols 2012; VanGessel 2001). In 2009, Heap reported that more than 230 populations of
herbicide resistant weeds had been identified. It is likely that the number has increased
exponentially as chemical control continues to be the primary form of weed management in
many agricultural fields (Heap 2009). As the number of herbicide resistant cases increases, the
effectiveness of chemical applications is decreasing; It is estimated that herbicide resistant weed
populations reduce yield in many crops and have an overall economic impact of approximately
33 million dollars a year (Kuester, Chang & Baucom 2015).
The development of crops capable of suppressing weeds with reduced herbicide
applications would be an invaluable tool in integrated weed management (Bertin et al. 2003).
This would allow for a decrease in herbicide and fungicide applications, thereby reducing
environmental impact and costs associated with cotton production (Olofsdotter et al. 2002).
While there is a need to breed crop varieties with desirable weed-suppressive traits, it will
require the identification and stabilization of the gene or genes associated with weed-suppressing
capabilities (Olofsdotter et al. 2002; Bertin et al. 2003).
Plant breeding has not exploited the phenomenon of allelopathy, primarily because of the
lack of information regarding its mechanisms and associated alleles. Identifying DNA markers
associated with the weed suppressive CS lines in plants is possible with modern technology and
would open an innovative pathway for plant breeders to improve modern weed management
techniques (Jensen et al. 2001). For example, research conducted by Belz (2007) crossbred plants
possessing weed-suppressive characteristics with plants lacking weed-suppressive features,
resulting in an F1 generation with the ability to suppress weeds allelopathically. This illustrated
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that the expressed characteristic is heritable. Furthermore, research conducted on cultivars of
Wheat (Triticum durum v.) observed a genetic difference in plants capable of producing
allelochemicals and plants that did not produce allelochemicals (Belz 2007). QTL mapping has
suggested that allelopathic phenomenon is likely a result of multiple gene interactions which
produce a variety of phytotoxins resulting in observable secondary reactions in plants (Belz
2007; Jensen et al. 2001). A useful step in predicting and eventually identifying the gene or
genes responsible for allelopathic characteristics in CS cotton lines would be the isolation and
identification of the allelochemicals being produced.
Metabolic activity in plant tissues produce non-nutritional, secondary compounds. Many
of these compounds have been observed to maintain allelopathic qualities either alone or in
combination with other secondary metabolites (Rizvi 2012). Some chemical groups commonly
associated with allelopathic activity are alkaloids (Rizvi 2012) and phenolics (Yang et al 2002).
Caffeic acid, coumaric acid, p-hydroxybenzoic acid (Kelton, Price & Mosjidis 2012) are
phenolic acids known to exhibit allelopathic effects . In 2001, Mandal tested the inhibitory
effects of Leonurus sibiricus’s root exudates on wheat, mustard, and rice. After soaking crop
seedlings in various concentrations of the exudate, paper chromatography was employed to
determine the presence of caffeic acid and other phenolics. The effect of seeds and germination,
however, were concentration dependent (Mandal 2001). Another known allelochemical is 2hydroxycinnamic acid which has been found in Japanese honeysuckles. Skulman et al. 2004
investigated the effects of Japanese honeysuckle succession in loblolly and shortleaf pine forests.
While exudates of the Japanese honeysuckle were not suggested to effect pine regeneration, they
were found to be toxic to duckweeds (Skulman et al. 2004). Additional allelochemicals observed
in cropping systems are coumarin (Kelton, Price, & Mosjidis 2012) and transcinnamic acid
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(Bazairamakenga, Simard, & Leroux 1994). While no studies have been conducted to identify
allelochemicals produced as cotton root exudates, Gui-Ying, Jian Guo and Yan-Bin detected phydroxybenzoic acid, ferulic acid, gallic acid, and vanillin in extracts of cotton roots from fields
that had been monocropped with cotton for more than ten years (Gui-Ying, Jian Guo & Yan-Bin
2015).
A crucial step in the development of allelopathic or otherwise competitive cotton
varieties is to identify what lines are producing allelochemicals, if any, and to identify the
secondary metabolites being produced. Using HPLC, it is expected for more allelopathic CS
lines such as CS-34 and CS-26(as determined by prior studies) to produce allelopathic chemicals
and for less competitive CS lines such as CS-49 and CS-23 to produce little to no
allelochemicals.
Materials and methods
Materials
Six chromosome substitution (CS) (CS-23, CS-34, CS-46, CS-49, CS-50 and CS-26)
cotton lines, UA48, and TM1 were chosen based off greenhouse and field screening results for
competitive ability. The reagents used were acquired from commercial companies and were not
further purified when received. The reagents chlorogenic acid, caffeic acid, coumarin, coumaric
acid, 2-hydroxycinnamic acid, and transcinnamic acid were purchased from Sigma-Aldrich St.
Louis, MO, USA; vanillin and 2-hydroxybenzoic acid were purchased from SPEX CertiPrep,
Queens, NY, USA. All standard solutions were prepared in methanol (Figure 1).
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Methods
Sample preparation
All chromosome substitution lines were germinated in Rockwool in a growth chamber set
at 8/16 day and night cycle, and 50% humidity. After two cotyledons had fully emerged for all
seedlings, the plants were transplanted into tests tubes containing 50mL of distilled water (Figure
2). All tubes were marked at the appropriate water level. The study was made up of two runs
with four replications, and all runs took place in 2021 in the Weed Physiology Laboratory at
Mississippi State University, Mississippi State. Samples were analyzed quantitively 3 (21 days)
and 4 (28 days) weeks after being transplanted into the test tubes.
Preparation of standards for calibration
Standard stock solutions (200 mg/L) of chlorogenic acid , caffeic acid, coumarin,
transcinnamic acid, coumaric acid, 2-hydroxycinnamic acid were made by dissolving powder
form of the standard compounds in methanol in 100 mL volumetric flasks. Vanillin and 2hydroxybenozic acid were purchased as 1000 mg/L standard solution. Calibration series were
prepared at the following concentrations: 50, 25, 5, 1, 0.5, and 0.25 mg/L, respectively. These
concentrations were used to construct a calibration curve for each standard, respectively with
correlation coefficient R2 > 99.9%.
High performance liquid chromatography (HPLC) analysis of cotton water samples
All water samples extracted from test tubes containing cotton were collected and
analyzed on an Agilent 1100 series HPLC system (Agilent, Santa Clara, CA). The HPLC
consisted of a DAD, an online vacuum degasser, a quaternary pump, an autosampler and a
thermostatted column compartment. The Agilent Chemstation A.10.02 software with a spectral
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module (Agilent Technologies Inc., Wilmington, DE, USA) was used to process the data.
Separation was achieved on an ACE reverse phase C18 column (150 mm × 4.6 mm) with
particle size 3 μm.
The allelopathic compounds were detected at 280 nm, with a flow rate of 0.5 mL/min and
column temperature of 30˚C. Peaks were identified using those of standard compounds. The
injection volume of 10 μL was used. An isocratic elution program was used: eluent was mixed
by 40% acetonitrile with 60% water (modified with 0.2% acetic acid). The run lasted for 10
minutes.
Results
Calibration curves were constructed for each standard (Figure 3). None of the chemical
standards used in this experiment were consistently detected in samples taken from the CS lines
and conventional varieties grown in test tubes for 21 and 28 days.
A peak was detected that is close to chlorogenic acid in one B10 sample collected at 28
DAE. It is very close to chromatogram’s produced from chlorogenic acid standards with a
retention time of 3.21, which is within 5% range of chlorogenic acid’s retention time of 3.26
minutes when present at a concentration 3.125 ppm. Using the peak height of 1.32 and plugging
it into the calibration formula derived from known concentrations of chlorogenic acid standards
(Figure 4), the chlorogenic acid concentration in this sample was calculated to be 0.15 ppm.
A peak resembling that of coumarin standards was detected in one CS-49 sample which
was taken at 21 DAE (Figure 5). The retention time of the CS-49 sample was 8.27 minutes,
which is within a 5% range of coumarin’s retention time of 8.32 minutes when present at a
concentration of 3.125 ppm. The concentration of coumarin was calculated to be 7.23 mAu,
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using the following formula derived from the calibration: y = 7.5175x + 1.5183 (Figure 4) and
the peak height from the sample’s chromatogram reading, which was determined to be 0.76 ppm.
When the highest peak for each CS line on respective days of sample collection were
pooled and graphed for comparison, patterns began to emerge. On 21 DAE with 40/80 280 , it
was noted that UA 48, CS-50, and CS-34 maintained a peak at the same retention time of 3.18
minutes (Table 1). On 28 DAE with 30/40 280 conditions, UA 48 and CS-34 had the same mean
retention time at 3.91 minutes. On the same day of sample collection with the 40/80 280
condition, it was determined that TM1, CS-49 and CS-46 had high peaks with a retention time of
3.33 minutes (Table 2). There was a peak at 2.9 minutes that was present in many of the samples
taken with at least one peak being present in each CS line as well as TM1 and UA48.
Discussion
Plant metabolisms are known to produce compounds with no known nutritional value.
They are often referred to as secondary compounds or metabolic offshoots, and many have been
observed to have allelopathic effects (Rizvi 2012). Phenolic acids are allelochemicals commonly
produced in plants as secondary metabolites and are structurally characterized by a hydroxylated
aromatic ring (Kelton, Price & Mosjidis 2012; Yang et al. 2002). Extracts collected from plant
species including mango (Mangifera indica L.), wheat (Triticum aestivum L.), and rice (Oryza
sativa L.) have been noted to contain phenolic acids. Common phenolic acids known to have
allelopathic effects include caffeic acid, coumaric acid, and p-hydroxybenzoic acid (Kelton,
Price & Mosjidis 2012), three compounds which were used as standards in this study.
Additionally, in 2015, researchers Gui-Ying, Jian Guo and Yan Bin identified four phenolic
compounds present from cotton extracts which were p-hydroxybenzoic acid, ferulic acid, gallic
acid and vanillin. Two out of the four compounds identified in 2015 were obtained for testing in
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this study. The compounds caffeic acid, coumaric acid, p-hydroxybenzoic acid, and vanillin
were not detected in aqueous extracts from the current study; it should be noted, however, that
the four phenolic compounds identified by Gui-Ying, Jian Guo and Yan Bin were from extracts
of soils in which cotton had been monocropped for over ten years. This means the chemicals
were given a long period of time to grow in concentration; even if the plants in this study did
have the capabilities to produce the four phenolics noted in the 2015 study, 28 days after
establishment may not be a long enough time-period for concentrations to rise high enough to
not only be detected by HPLC methods, but also to become biologically active.
Coumarins are a separate class of plant metabolites known to maintain allelopathic
effects. This allelochemical has been found in wild oat (Avena sativa L.) and lettuce (Lactuca
sativa L.) (Kelton, Price, & Mosjidis 2012). Additionally, in 2001 Abenavoli et al. observed the
effects of coumarin on Durum wheat (Triticum durum L.) when grown in a hydroponic culture
free of nitrate. Coumarin was applied at concentrations of 0.1 mM, 1 mM, 2.5 mM, 5 mM, 0 μM,
and 25 μM. It was found that applied coumarin concentrations of 1 mM - 25 μM resulted in in
decreased growth rates of roots as well as decreased root vessel area (Abenavoli et al. 2001). The
tests conducted in this paper detected very low coumarin concentrations in an aqueous sample
derived from CS line CS-49, registering in at 0.76 ppm. While coumarin can act to inhibit plant
growth and even seedling germination at high concentrations, as explored in durum wheat, at low
concentrations the compound can promote growth (Murray, Mendez, & Brown 1982).
Chlorogenic acid is a derivative of caffeic acid (Olthof, Hollman, & Katan 2001). It is
also an allelochemical that has notably been detect in sunflower (Helianthus annuus). In 1968,
Wilson and Rice observed that certain species of plants did not grown around sunflower’s when
succeeding naturally in an abandoned field. Extracts of sunflower leaves, root exudates, soils,
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and leachates all contained concentrations of chlorogenic acid, which was determined to be a
primary phytotoxin produced by the sunflower plants (Wilson & Rice 1968). The current study
detected low concentrations of chlorogenic acid in a single CS-23 sample collected 28 DAE. It is
unclear if the concentration of 0.15 ppm chlorogenic acid detected in this study would be high
enough to maintain allelopathic effects on target plant species.
A consistent peak across multiple replications, runs, CS lines, and control varieties was
identified at 2.91 minutes. The identification of this chemical was not achieved in the current
study; however, it is clear the cotton roots are consistently exuding some compound. Its effects
are unclear.
With more than 200 cases of herbicide resistant weedy populations having been reported,
the pressure to develop and integrate alternative weed control techniques increases (Heap 2009).
While herbicides are the most effect tool used today, its efficacy is declining with increased use,
resulting in a loss of yield and capital (Kuester, Chang & Baucom 2015). Crops capable of
suppressing weeds and thereby reducing the need for herbicide application would be helpful for
farmers battling herbicide resistance (Bertin et al. 2003). To begin the development of cotton
varieties with weed suppressive abilities, it is imperative to first identify the allelochemicals and
metabolic pathway involved in allelopathic characteristics. Further research should allow cotton
lines to grow in the test tubes for a longer period, where water is reduced from 50 mL to 25 mL
to increase possible allelochemical concentrations. A wide variety of standards with retention
times close to 2.91 should also be employed to identify the consistent peak.
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Table of retention times and peak heights at 21 days after establishment (DAE).
30/40 280

40/80 280

Accession

Retention Time (min)

Peak Height

Retention Time (min)

Peak Height

CS-23

4.09

2.41

3.27

2.33

CS-34

3.96

20.05

3.18

29.11

CS-46

3.60

4.87

3.29

4.13

CS-49

4.15

17.74

3.90

26.82

CS-26

3.79

11.31

3.12

16.35

CS-50

3.90

21.49

3.18

31.76

TM1

3.94

7.71

3.25

11.32

UA48

3.89

25.14

3.18

38.16

Pooled, mean retention time values and peak height values from run 1 and run 2 at data
collection 21 DAE. Time is in minutes and height is in mAu.
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Table of retention times and peak heights at 28 days after establishment (DAE).
30/40 280

40/80 280

Accession

Retention Time

Peak Height

Retention Time

Peak Height

CS-23

3.88

1.98

3.30

1.83

CS-34

3.91

10.81

3.28

17.09

CS-46

4.20

4.16

3.35

3.57

CS-49

4.05

13.41

3.33

19.34

CS-26

3.56

6.86

3.17

9.91

CS-50

3.92

15.26

3.26

21.65

TM1

4.05

5.84

3.33

5.13

UA48

3.91

18.01

3.29

25.81

Pooled, mean retention time values and peak height values from run 1 and run 2 at data
collection 28 DAE. Time is in minutes and height is in mAu.
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Chemical structures of all standards tested in this experiment as provided by Pub
Chem.
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Example of cotton seedlings in test tubes
Representative of one run, where there were four replications composed of six chromosome
substitution (CS) lines: CS-23, CS-34, CS-46, CS-49, CS-50 and CS-26. Additionally, UA48 and
TM1 were incorporated. Each replication was set up as a block and appropriately randomized.
This set up was repeated two times for a total of two runs composed of four replications.
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Chromatogram reading for water sample derived from CS-23 at 28 DAE.
The experimental chemical is most similar to that of chlorogenic acid with a retention time of
3.21, which is within 5% range of chlorogenic acid’s retention time of 3.26 minutes when
present at a concentration of 3.125 ppm
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Calibration graphs of all standards used in this experiment.
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Chromatogram reading from CS-49 samples collected 21 DAE.
The retention time of the CS-49 sample was 8.27 minutes, which is within a 5% range of
coumarin’s retention time of 8.32 minutes when present at a concentration of 3.125 ppm.
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